Temperature-dependent photoluminescence (PL) studies have been performed on InGaN epilayers and InGaN/GaN multiple quantum wells (MQWs) grown by metalorganic chemical vapor deposition. We observed anomalous temperature dependent emission behavior (specifically an S-shaped decrease-increase-decrease) of the peak energy (E PL ) of the InGaNrelated PL emission with increasing temperature. In the case of the InGaN epilayer, E PL decreases in the temperature range of 10 − 50 K, increases for 50 − 110 K, and decreases again for 110 − 300 K with increasing temperature. For the InGaN/GaN MQWs, E PL decreases from 10 − 70 K, increases from 70 − 150 K, then decreases again for 150 − 300 K. The actual temperature dependence of the PL emission was estimated with respect to the bandgap energy determined by photoreflectance spectra. We observed that the PL peak emission shift has an excellent correlation with a change in carrier lifetime with temperature. We demonstrate that the temperature-induced S-shaped PL shift is caused by the change in carrier recombination dynamics with increasing temperature due to inhomogeneities in the InGaN structures.
INTRODUCTION
In spite of the recent rapid achievements in the area of InGaN-based light emitting devices, the fundamental mechanisms of spontaneous and stimulated emission are still in debate in these materials. Recently, it has been pointed out that strain-induced piezoelectric fields in InGaN/GaN quantum wells (QWs) may play an important role in the spontaneous recombination process [1, 2] . On the other hand, recombination from localized band-tail states at potential fluctuations or even from quantum-dot-like deep traps originating from In-rich regions in the wells has also been proposed as a principal spontaneous emission mechanism in InGaN/GaN QWs [3] [4] [5] [6] [7] [8] [9] [10] [11] . The main difficulty in distinguishing between these two effects partly originates from the fact that both effects can explain -at least qualitatively -some experimental observations such as a large Stokes shift of the luminescence and an emission redshifting behavior with time [1] [2] [3] [4] [5] [6] [7] [8] [9] . More recently, a temperature-induced luminescence blueshift was observed in InGaN single QWs [10, 11] and multiple QWs (MQWs) [6] , which has been well explained by an involvement of band-tail states but can hardly be explained by the piezoelectric field effect alone. Therefore, a detailed understanding of the carrier dynamics and its relationship to the emission mechanism as a function of temperature are very important for both InGaN epilayers and InGaN/GaN MQWs.
In this study, we report a systematic photoluminescence (PL) study of InGaN epilayers and InGaN/GaN MQWs as a function of temperature by means of PL, PL excitation (PLE), and timeresolved PL (TRPL) spectroscopy. As the temperature is increased, the peak energy position of the InGaN-related PL emission (E PL ) exhibits an S-shaped behavior (redshift-blueshift-redshift). In the case of the InGaN epilayer, E PL decreases in the temperature range of 10 − 50 K, increases for 50 − 110 K, and decreases again for 110 − 300 K with increasing temperature. For the InGaN/GaN MQWs, E PL decreases from 10 − 70 K, increases from 70 − 150 K, then decreases again from 150 − 300 K. This temperature-induced S-shaped PL shift is strongly affected by the change in carrier dynamics with increasing temperature for both the InGaN epilayer and the InGaN/GaN MQWs.
EXPERIMENT
The InGaN epilayers and the InGaN/GaN MQWs used in this study were grown on c-plane sapphire films by metalorganic chemical vapor deposition (MOCVD), following the deposition of a 1.8-µm-thick GaN buffer layer. For the InGaN epilayers, a 100-nm-thick InGaN layer was capped with a 50-nm-thick GaN layer. The MQW structures consisted of 12 MQWs with 3-nmthick InGaN wells and 4.5-nm-thick GaN barriers, with a 100-nm-thick Al 0.07 Ga 0.93 N capping layer. The growth temperatures of the GaN base layer, the MQW regions, and the AlGaN capping layer were 1050, 790, and 1040 o C, respectively. The In content of the InGaN layers was estimated to be about 18 % for both the epilayer and the MQWs by means of high-resolution xray diffraction measurements. We observed optically pumped stimulated emission from the MQW sample with a low threshold density (< 60 kW/cm 2 ) at room temperature. Details of the growth procedure and results of other structural and optical properties were reported elsewhere [12] [13] [14] [15] . Additionally, the influence of Si doping in the GaN barriers of the MQWs on the optical properties is also given elsewhere [7] . PL spectra were measured as a function of temperature ranging from 10 to 300 K using the 325 nm line of a 20 mW cw He-Cd laser. PLE spectra were measured using the quasi-monochromatic light from a xenon lamp dispersed by a 1/2 m monochromator. TRPL measurements were carried out using a picosecond pulsed laser system consisting of a cavity-dumped dye laser synchronously pumped by a frequency-doubled modelocked Nd:YAG laser for sample excitation and a streak camera for detection. The overall time resolution of the system is better than 15 ps. Figure 1 shows 10 K PL and PLE spectra of the InGaN-related emission with a peak energy of ~ 2.99 and ~ 2.76 eV for (a) the InGaN epilayer and (b) the InGaN/GaN MQWs, respectively. A large Stokes shift of the InGaN emission between the PL peak energy and the band-edge obtained from the PLE spectra is clearly observed, which is mainly due to crystal imperfections such as In alloy fluctuations and/or interface roughness. We note that the observed Stokes shift for the MQWs is much larger than that of the epilayer, probably due to the influence of the MQW interfaces on the overall potential fluctuations. In general, the fundamental temperature-induced energy gap shrinkage of GaN, InGaN, and AlGaN can be described by the Varshni empirical equation [16] :
RESULTS AND DISCUSSIONS
, where E g (T) is the bandgap transition energy at a temperature T, and α and β are known as the Varshni thermal coefficients. Previously, from photoreflectance studies, the parameters α = 8.32 (10) x 10 -4 eV/K and β = 835.6 (1196) K for the GaN Γ 9 V -Γ 7 C (In 0.14 Ga 0.86 N) transition were obtained [17] . For simplicity, Varshni thermal coefficients obtained from the GaN and In 0.14 Ga 0.86 N transitions [17] were used for the E g estimation of the Al 0.07 Ga 0.93 N and In 0.18 Ga 0.82 N layers, respectively. The temperature-dependent PL peak shift for the GaN and AlGaN layers was consistent with the estimated energy decrease of about 65 meV between 10 and 300 K, whereas the InGaN-related PL emission did not follow the typical temperature dependence of the energy gap shrinkage as will be shown later. Figure 2 shows the evolution of the InGaN-related PL spectra for (a) the InGaN epilayer and (b) the InGaN/GaN MQWs over a temperature range from 10 to 300 K. As the temperature increases from 10 K to T I , where T I is 50 (70) K for the epilayer (MQWs), E PL redshifts 10 (19) meV. This value is about five times larger than the expected bandgap shrinkage of ~ 2 (4) meV for the epilayer (MQWs) over this temperature range [17] . For a further increase in temperature, the PL peak blueshifts 22.5 (14) meV from T I to T II , where T II is 110 (150) K for the epilayer (MQWs). By considering the estimated temperature-induced bandgap shrinkage of ~ 7 (13) meV for the epilayer (MQWs), the actual blueshift of the PL peak with respect to the band-edge is about 29.5 (27) meV over this temperature range. When the temperature is further increased above T II , the peak positions redshift again. From the observed redshift of 45 (16) meV and the expected bandgap shrinkage of ~ 51 (43) meV from T II to 300 K for the epilayer (MQWs), we estimate an actual blueshift of the PL peak relative to the band-edge to be about 6 (27) meV in this temperature range.
To elucidate the kinetics of carrier recombination, we performed TRPL measurements over the same temperature range. Figure 3 shows E PL , the relative energy difference (∆E) between E PL and E g at each temperature, and the decay times (τ d ) monitored at the peak energy, lower energy side, and higher energy side of the peak as a function of temperature. A comparison of these values clearly shows that the temperature dependence of ∆E and E PL is strongly correlated with the change in τ d . In both cases, we found an overall increase of τ d with increasing temperature for T < T I , in qualitative agreement with the temperature dependence of radiative recombination [18, 19] . Moreover, in this temperature range, τ d becomes longer with decreasing emission energy, and hence, the peak energy of the emission shifts to the low energy side as time proceeds. This behavior is a characteristic of localized carriers, which in this case is most likely related to alloy fluctuations (and/or interface roughness in the MQWs) [7, 9] . We note that the observed longer lifetime for the MQWs compared to those reported by other groups is probably due to relatively larger degree of carrier localization caused by a larger number of QWs and/or Wavelength (nm) different growth conditions used in this work [3, 7, [20] [21] [22] . As the temperature is further increased beyond T I , the lifetime of the epilayer (MQWs) quickly decreases to less than 0.1 (10) ns and remains almost constant between T II and 300 K, indicating that non-radiative processes predominantly affect the emission in this range. This is further evidenced by the fact that there is no difference between the lifetimes monitored above, below, and at the peak energy for T > T I , in contrast to the observations for T < T I . This characteristic temperature T I is also where the turnover occurs from redshift to blueshift for ∆E and E PL with increasing temperature. Furthermore, in the temperature range between T I and T II , where a blueshift of E PL is detected, τ d dramatically decreases from 0.4 to 0.05 (35 to 8) ns for the epilayer (MQWs). Above T II , where a redshift of E PL is observed, no sudden change in τ d occurs for either the epilayer or the MQWs. From these results, the InGaN-related recombination mechanism for different temperature ranges can be explained as follows: (i) For T < T I , since the radiative recombination process is dominant, the carrier lifetime increases, giving the carriers more opportunity to relax down into lower energy tail states caused by the inhomogeneous potential fluctuations before recombining. This behavior reduces the higher energy side emission intensity, and thus, produces a redshift in the peak energy position with increasing temperature. (ii) For T I < T < T II , since the dissociation rate is increased and other non-radiative processes become dominant, the carrier lifetime decreases greatly with increasing temperature and also becomes independent of the emission energies. Thus, due to the decreasing lifetime, these carriers recombine before reaching the lower energy tail states. This behavior gives rise to an apparent broadening of the higher energy side emission and leads to a blueshift in the peak energy. (iii) For T > T II , since non-radiative recombination processes are dominant and the lifetimes are almost constant [in contrast to the case (ii)], the photogenerated carriers are less affected by the change in carrier lifetime so that the blueshift behavior becomes smaller. Note that the slope of ∆E is very sensitive to the change in τ d with temperature for both the InGaN epilayer and the InGaN/GaN MQWs. Since this blueshift behavior is smaller than the temperature-induced bandgap shrinkage in this temperature range, the peak position exhibits an overall redshift behavior. Consequently, the change in carrier recombination mechanism with increasing temperature causes the S-shaped redshift-blueshiftredshift behavior of the peak energy for the main InGaN-related emission. Therefore, the InGaNrelated spontaneous emission features are significantly affected by different carrier recombination dynamics which vary with temperature, because of band-tail states arising from inhomogeneities such as large In alloy fluctuations, layer thickness variations in the MQWs, and/or defects. It should be noted that we observed similar temperature-induced S-shaped emission behavior for both the InGaN epilayers and the InGaN/GaN MQWs, even though τ d of the latter is about two orders of magnitudes longer than that of the former. This strongly reflects the fact that the anomalous temperature-induced emission shift mainly depends on the change in carrier recombination dynamics rather than the absolute value of τ d .
CONCLUSIONS
We have investigated the time-integrated and time-resolved PL properties of MOCVDgrown InGaN epilayers and InGaN/GaN MQWs over the temperature range of 10 to 300 K. The peak energy of the InGaN-related emission, E PL , exhibited an S-shaped (redshift-blueshiftredshift) behavior with increasing temperature. The PL emission peak position and carrier and E g at each temperature. The minimum value of ∆E is designated as zero for simplicity. Note that the lower energy side of the PL peak has a longer lifetime than the higher energy side below a certain temperature T I , while there is no difference between lifetimes monitored above, below, and at the peak energy above T I ,, where T I is about 50 (70) K for the epilayer (MQWs). This characteristic temperature T I is also where the turnover occurs from redshift to blueshift of the InGaN PL peak energy with increasing temperature. lifetime as a function of temperature reveal that the InGaN-related emission is strongly affected by the change in carrier recombination dynamics with increasing temperature for both the InGaN epilayers and the InGaN/GaN MQWs. This anomalous temperature-induced emission behavior is attributed to band-tail states due to inhomogeneities in the InGaN-based material.
